Resistance to the radiotherapy or chemotherapy in some cancer cells was caused by the inability of p53 to transactivate Bax in these cells. 12, 13 Therefore, the Bax gene was transfected to sensitize the cancer cells to apoptosis induced by radiation 14 or chemotherapeutic agents. [15] [16] [17] [18] Recently, it has become apparent that the mitochondrial permeability transition (MPT) caused by radiation 19 or chemotherapeutic agents 20, 21 is a decisive event of the apoptotic process. Overexpression of Bax also induces MPT, which leads to apoptotic cell death. [22] [23] [24] Thus, MPT is a key event that causes enhanced cytotoxicity in cancer cells, regardless of whether it is induced through Bax overexpression, radiotherapy, chemotherapy, or a combination of these.
Caspase-8 lies at the apex of an apoptotic cascade and triggers the proteolytic activation of downstream caspase family members. 25, 26 It also activates the mitochondriamediated apoptotic pathways in some cancer cells. 27 This suggests that the induction of Bax in combination with caspase-8 would potentiate the caspase activation and mitochondrial dysfunction, resulting in an enhanced cytotoxic effect in cancer cells. However, no reports have been found so far in cancer gene therapy that describe transfer of the Bax gene, caspase-8 gene, or both via adenovirus vectors (Advs), which is a highly efficient system to transduce genes in vitro and in vivo. In this study, we used a glioma-specific promoter, myelin basic protein (MBP) promoter; 28 -30 this promoter was used because the high transduction efficiency of Advs requires that the Bax or caspase-8 protein be expressed preferentially in gliomas to avoid damage to surrounding normal tissues. By transducing the Bax gene concomitant with the caspase-8 gene (controlled by the MBP promoter) via Advs, we successfully induced enhanced apoptosis in the human glioma lines U251 and U-373 MG.
MATERIALS AND METHODS

Cell lines
The human glioma line U-373 MG was obtained from the American Type Culture Collection (ATCC) (Manassas, Va). The U251 glioma line was obtained from the Tumor Registry at the Division of Cancer Treatment, National Cancer Institute (Frederick, Md). U251 and U-373 MG cells were each maintained in Dulbecco's modified Eagle's medium containing 10% fetal bovine sera, 0.2% sodium bicarbonate, 2 mM glutamine, 100 U/mL penicillin, and 100 g/mL streptomycin.
Generation of recombinant Advs
The cDNA of human Bas was generated by reverse transcription-polymerase chain reaction, using template crude RNA from Daudi cells (ATCC) and the following primers: 5Ј-CGGAATTCCACCATGGACGGGTCCGGGGAGCAGCC-C-3Јand 5Ј-CGGAATTCTCAGCCCATCTTCTTCCAGAT-GGTGAG-3Ј. The EcoRI/EcoRI fragment of Bax cDNA was inserted into the EcoRI site of pCAcc 31 to generate pCA-hBax. The pAxCALNL-hBax cosmid was constructed by inserting the ClaI (blunt end) expression cassette of pCA-hBax into the SwaI site of the cosmid pAxCALNLw (kindly provided by Dr. Saito, University of Tokyo, Tokyo, Japan). 32 The HindIII/NotI (blunt end) fragment of human caspase-8 cDNA from pcDNA3/caspase-8 (kindly provided by Dr. Muzio, University of Michigan Medical School, Ann Arbor, Mich) 33 was inserted into the EcoRI (blunt end) site of pCAcc to generate pCA-hcaspase-8. The cosmid pAxCALNL-hcaspase-8 was generated by inserting the ClaI expression cassette from pCAhcaspase-8 into the SwaI site of the cosmid pAxCALNLw (kindly provided by Dr. Saito). 34 The on/off switching unit CALNL-hBax, CALNL-hcaspase-8, or control CALNL-lacZ 34 consisted of the chicken ␤-actin (CA) promoter, 35 the neo gene and poly(A) sequence flanked by a pair of loxP sites, the Bax or caspase-8 gene, and another poly(A) signal. 32 CALNL-hBax or CALNL-hcaspase-8 without Cre recombinase express only the neo gene but do not express the Bax gene or caspase-8 gene, respectively. In the presence of NCre, which contains the Cre recombinase coding region, 34 the neo gene between the loxP sites is excised, and the CA promoter and Bax or caspase-8 gene are joined together, resulting in the Adv-expressing Bax or caspase-8 gene under the control of the CA promoter. 34 The recombinant adenovirus AdexMBP-NL-Cre carries the Cre recombinase gene 36 with a nuclear localization signal under the control of the mouse MBP promoter (ϳ1.3-kbp from the BglII site at nucleotide 1297 to the AccIII site at nucleotide ϩ34 relative to the transcription start position at nucleotide ϩ1).
30,37
We used AdexMBP-NL-Cre for the specific expression of Bax or caspase-8 in glioma cells. Details of the generation of AdexMBP-NL-Cre will be described elsewhere (our unpublished observations).
Each cosmid was cotransfected with the genomic DNA-terminal protein complex of adenovirus type 5 (Ad5 dLX), and the recombinant adenoviruses were generated according to the method described by Miyake et al. 34 Adenovirus-mediated gene transduction was performed as described previously. 31 AxCALNL-hBax, AxCALNL-hcaspase-8, and AxCALNL-lacZ were always coinfected with AdexMBP-NL-Cre at a multiplicity of infection (MOI) ratio of 1:5. AxCALNL-lacZ was always coinfected with AxNCre at an MOI ratio of 1:5. The total MOI of adenovirus used to infect each cell was kept the same in all experiments by supplementing with Adv-lacZ. 32, 34 It should be noted that the MOI indicates the MOI of the vector with LNL, such as AxCALNL-lacZ, and not the vector with Cre.
To evaluate the transduction efficiencies of Advs controlled by the CA promoter or the MBP promoter, we coinfected Ax-CALNL-lacZ with AxCANCre or AdexMBP-NL-Cre and determined the percentage of lacZ-positive cells.
Assessment of cell death
The degree of cell death was assessed by determining the percentage of cells that had died, the percentage of hypodiploid cells, and the degree of DNA fragmentation. Statistical analysis was performed by Student's t test.
To determine the percentage of cells that had died, cells that had adhered to the plate and those that had detached from the plate were stained with 0.2% trypan blue. The cells were then counted using a hemocytometer.
The percentage of hypodiploid cells was determined by the method described previously. 1 Briefly, ethanol-permeabilized cells were stained with propidium iodide and subsequently analyzed with CellQuest software on a FACScan (Becton Dickinson, San Jose, Calif). The DNA fluorescence gate was set up to exclude cell aggregates and debris. The percentage of cells that had undergone apoptosis was assessed as the ratio of the fluorescent area smaller than the G 0 /G 1 peak out of the total area of fluorescence. Three samples of cells for each experimental condition were analyzed.
DNA fragments in apoptotic cells were detected using the APO-BRDU kit (PharMingen, San Diego, Calif) according to the manufacturer's instructions. Briefly, the 3Ј-hydroxyl ends of the DNA in apoptotic cells were labeled with bromo deoxyuridine triphosphate nucleotides (Br-dUTP) by terminal deoxynucleotidyl transferase; Br-dUTP was stained by a fluorescein isothiocyanate-labeled anti-bromodeoxyuridine monoclonal antibody (mAb). A total of 10,000 cells in the total area were analyzed for each experiment. The samples were stained with propidium iodide and analyzed with a FACScan.
Electron microscopy
For transmission electron microscopy, the cells were first fixed in 0.1 M sodium phosphate buffer containing 2.5% glutaraldehyde at a pH of 7.5. Next, they were fixed in 0.1 M sodium phosphate buffer containing 1% O S O 4 at a pH of 7.2. The cells were embedded into epon 812 (TAAB, Berkshire, UK) and sliced into 60-nm sections. The ultra-thin sections were contrasted with uranyl acetate and lead citrate and subsequently examined with a Hitachi H7000 transmission electron microscope (Hitachi, Tokyo, Japan).
Immunoblot analysis
Immunoblot analysis was performed using the enhanced chemiluminescence kit (Amersham, Little Chalfont, UK) as described previously.
1 Briefly, 10 6 cells were lysed by incubation in lysis buffer (10 mM tris(hydroxymethyl)aminomethaneHCl (pH 8.0), 0.2% Nonidet P-40, and 1 mM ethylenediaminetetraacetic acid) for 15 minutes on ice. The lysate was centrifuged at 18,500 ϫ g for 2 minutes at 4°C, and the protein content of the supernatant was quantified using the DC protein assay kit (Bio-Rad, Hercules, Calif) according to the manufacturer's instructions. An equal volume of 2ϫ Laemmli buffer was added to the supernatant, which was then boiled for 5 minutes. Equal amounts of protein from each extract (10 g per lane) were separated by electrophoresis on 10 -12% polyacrylamide gels and subsequently transferred onto nitrocellulose membranes. After blocking with 5% dry milk in 10 mM tris(hydroxymethyl)aminomethane-HCl (pH 7.5) and 150 mM sodium chloride, the membranes were incubated with the primary antibody (Ab) for 1 hour at room temperature. The primary Abs used were mouse anti-human Bax mAb (M010-3; Medical and Biological Laboratories, Nagoya, Japan), mouse anti-human caspase-8 mAb (66231A; PharMingen), and mouse anti-␤-actin mAb (A-5441; Sigma, St. Louis, Mo) as the control. After washing, the membranes were incubated for 1 hour at room temperature with 30 L (per 15 mL) of horseradish peroxidase-conjugated rabbit anti-mouse immunoglobulin G ϩ A ϩ M (H ϩ L) (61-6420; Zymed Laboratories, San Francisco, Calif) for Bax, caspase-8, and ␤-actin. Staining was carried out using the enhanced chemiluminescence kit according to the manufacturer's instructions.
RESULTS
Expression of Adv-mediated transfer of lacZ controlled by CA or MBP promoter For glioma-specific expression of Bax and caspase-8, we used an adenovirus carrying the Cre recombinase gene controlled by the MBP promoter AdexMBP-NL-Cre together with the adenovirus for CALNL-Bax (AxCALNLBax) or CALNL-caspase-8 (AxCALNL-caspase-8) in which a spacer DNA with poly(A) addition signal flanked by a pair of loxP sequences (LNL) would be excised by the Cre recombinase. In this study, Adv-MBP-Bax or Adv-MBP-Casp8 designate the coinfection of AdexMBP-NL-Cre together with AxCALNL-Bas or AxCALNL-caspase-8, respectively. To evaluate whether gene therapy using the MBP promoter can be used for the treatment of gliomas, Adv for CALNLlacZ was infected into U251 and U-373 MG glioma cells, using the Adv for the MBP promoter driving the Cre recombinase, and the percentage of cells stained with 5-bromo-4-chloro-3-indolyl ␤-D-galactoside (X-Gal) in each cell line was determined. The lowest MOI at which 100% of cells were positively stained with X-Gal was 100 in both U251 and U-373 MG cells (Fig 1) . However, after infection with Adv for CALNL-lacZ controlled by the MBP promoter (Adv-MBP-lacZ), 25% of U251 and 36% of U-373 MG cells expressed the lacZ gene at an MOI of 100 (Fig 1) . The results suggest that the MBP promoter is less active than the CA promoter in glioma cells. It should be noted that the single infection of Adv for CALNL-lacZ induced a very low level expression of lacZ, suggesting that the leakage of Adv for CALNLlacZ was at a very low level. (Fig   2; upper panel, lanes 3 and 7) . Transfection of Adv-MBP-caspase-8 into these two cell lines induced the expression of caspase-8 (Fig 2; middle panel, lanes 4 and  8) . This indicates that although the efficiency of expression through infection with Adv-MBP was not so high, the MOI of 30 for Adv-MBP-Bax or Adv-MBPcaspase-8 was enough to induce overexpression of each protein in U251 and U-373 MG cells. As shown in Figure 2 , induction of the Bax gene did not affect the expression levels of caspase-8 proteins (Fig 2, middle  panel, lanes 3 and 7) . Similarly, induction of caspase-8 gene did not alter the expression levels of Bax proteins (Fig 2, upper panel, lanes 4 and 8) .
Coinfection with Adv-MBP-Bax and Adv-MBP-caspase-8 enhanced apoptosis in glioma cells The MBP promoter, which showed its specific activity in gliomas, was less active than the CA promoter in gliomas. Therefore, we evaluated the effect of coinfecting (Fig 3) . Similarly, the percentage of cells that died among U-373 MG cells (35 Ϯ 2.0%) coinfected with Adv-MBP-Bax and Adv-MBP-caspase-8 was also significantly higher than the percentage of cells that died among U-373 MG cells infected with Adv-MBP-Bax alone (10 Ϯ 0.3%; P Ͻ .001, Student's t test) or Adv-MBP-caspase-8 alone (22 Ϯ 1.7%; P Ͻ .001, Student's t test) (Fig 3) .
The percentage of hypodiploid cells reflects the degree of apoptosis. In U251 cells, coinfection with Adv-MBP-Bax and Adv-MBP-caspase-8 induced significantly enhanced apoptosis (58 Ϯ 1.5%) compared with that induced by single infection with Adv-MBP-Bax alone (28 Ϯ 0.0%; P Ͻ .01, Student's t test) or Adv-MBP-caspase-8 alone (33 Ϯ 2.0%; P Ͻ .01, Student's t test) (Fig 4) . Similarly, in U-373 MG cells, coinfection with Adv-MBP-Bax and Adv-MBPcaspase-8 induced significantly enhanced apoptosis (9.1 Ϯ 0.4%) compared with that induced by single infection with Adv-MBP-Bax alone (2.5 Ϯ 0.1%; P Ͻ .01, Student's t test) or Adv-MBP-caspase-8 alone (4.3 Ϯ 0.5%; P Ͻ .01, Student's t test) (Fig 4) . It should be noted that because the percentage of dead cells consisted of both apoptotic and necrotic cells, it was higher than the percentage of hypodiploid apoptotic cells in U251 and U-373 MG cells.
Similarly, the Br-dUTP uptake assay for the detection of DNA fragments revealed that 52% of U251 cells coinfected with Adv-MBP-Bax and Adv-MBP-caspase-8 contained fragmented DNA, whereas only 11% of U251 cells infected with Adv-MBP-Bax and 4.7% of U251 cells infected with Adv-MBP-caspase-8 contained fragmented DNA (Fig 5A) . Similar results were obtained in the U251 and U-373 MG cells (Fig 5) . The degree of apoptosis in U251 cells was more remarkable than that in U-373 MG cells. The percentage of cells with fragmented DNA among U-373 MG cells coinfected with Adv-MBP-Bax and Adv-MBP-caspase-8 was 2.2%, whereas that among cells infected with Adv-MBP-Bax or Adv-MBP-caspase-8 alone was 0.6% or 0.9%, respectively (Fig 5B) . It should be noted that because hypodiploid cells can represent, in addition to apoptotic cells, mechanically damaged cells, cells with lower DNA content, or cells with different chromatin structure, 38 the percentage of hypodiploid cells, which was lower than that of dead cells, was higher than that of apoptotic cells as detected by assay for Br-dUTP uptake.
These results indicate that coinfection with Adv-MBPBax and Adv-MBP-caspase-8 induced remarkably enhanced apoptotic cell death relative to a single infection with Adv-MBP-Bax and Adv-MBP-caspase-8 in the glioma cells.
Infection with Adv-MBP-Bax and Adv-MBP-caspase-8 initially damaged mitochondria
Electron microscopic analysis of U251 cells infected with Adv-MBP-Bax alone (Fig 6, upper right panel) , Adv-MBP-caspase-8 alone (Fig 6, lower left panel) , and both Adv-MBP-Bax and Adv-MBP-caspase-8 suggested damaged mitochondria (Fig 6, arrowhead) at 1 day postinfection, whereas infection with Adv-lacZ did not induce mitochondrial damage in U251 cells (Fig 6, upper left  panel, arrow) . However, the nucleus did not show any apoptotic change such as chromatin condensation or fragmentation at 1 day after infection with Adv-MBPBax or Adv-MBP-caspase-8 (data not shown).
DISCUSSION
In this study, we found that overexpression of Bax and caspase-8 morphologically damaged mitochondria at an early stage of apoptosis in glioma cells, possibly leading to enhanced apoptosis induced by coinfection with Adv-MBP-Bax and Adv-MBP-caspase-8. Overexpression of Bax causes MPT, [22] [23] [24] which involves the formation of regulated megachannels in the contact site between the inner and outer mitochondrial membranes 39 and consequently leads to the release of cytochrome c and apoptosis-inducing factors from the mitochondrial intermembrane space. 21,40 -43 Cytochrome c forms a complex with Apaf-1 and caspase-9, and the activated caspase-9, in turn, cleaves and activates caspase-3, leading to apoptotic cell death. 44 What is the mechanism of apoptosis induced by overexpression of caspase-8? When an apoptotic stimulus such as anti-Fas Ab engagement induces the oligomerization of Fas receptors, they recruit the adaptor molecule FADD via their death domains. 45, 46 The death effector domain of FADD binds to the corresponding peptide motif in the prodomain of caspase-8 and recruits caspase-8 to a deathinducing signaling complex with FADD. 33, 47, 48 An upstream caspase usually activates a downstream caspase from the single-chain zymogen to the two-chain active enzyme by cleaving at its Asp residues. Caspase-8 is the most apical caspase 25, 26 and autoprocesses itself into the active protease form. 49 In addition, caspase-8 cleaves Bid, 50 which is a Bcl-2-interacting protein that triggers the release of cytochrome c from the mitochondria, leading to activation of caspase-3 through Apaf-1. 51, 52 Therefore, this synergistic damage to mitochondria by overexpression of both genes would lead to a highly Figure 1 . A: Reporter lacZ gene expression after infection with Adv-CA-lacZ, Adv-MBP-lacZ, and AxCALNL-lacZ vector alone (control) in U251 and U-373 MG glioma cells. Cells were stained with X-Gal at 2 days after infection with Adv-lacZ at various MOIs. A total of 300 cells in three fields were counted by microscopic observation, and the percentage of cells that were positive according to X-Gal staining was determined. Data represent the mean Ϯ SE of duplicate determinations. B: Microscopic photographs of U251 and U-373 MG cells that had been infected with Adv-CA-lacZ or Adv-MBP-lacZ at an MOI of 100 and stained with X-Gal. Original magnifications in the left three panels were ϫ100; original magnification of the right panel was ϫ200. C, control (mock infection); CA, infected by Adv-CA-lacZ; MBP, infected by Adv-MBP-lacZ. It should be noted that the nuclei were stained with X-Gal due to the nuclear localization signal of simian virus 40 T-antigen connected at the N terminus of the ␤-galactosidase coding region in the lacZ gene. intensified apoptotic cell death in cancers by combined induction of both genes (Figs 2-5 58 each of which inhibits the activities of different proapoptotic genes. Bcl-X L antagonizes against the apoptosis induced by Bax, 59 but does not inhibit the activity of active subunits of caspase-8 in some cancers. 60 In contrast, Fas-associated death domain-like interleukin-1-converting enzyme inhibitory protein specifically represses the proapoptotic function of caspase-8. 58 Therefore, the degree of apoptosis induced by overexpression of either Bax or caspase-8 would be different depend- ing upon the antiapoptotic gene, which plays a critical role in the individual cancer cells. Consequently, it is possible that the combined induction of both genes would overcome the antiapoptotic mechanisms of cancer cells.
Because transduction of Bax concomitant with caspase-8 genes would induce enhanced apoptosis, it should be limited to cancer cells only, not to normal cells. MBP promoter 28 -30 and E2F-1 61 promoter have been reported to control the expression level of the transgenes in a glioma-specific manner. Several specific promoters to cancers such as ␣-fetoprotein (AFP) 62, 63 and carcinoembryonic antigen 64, 65 have been reported to be valuable, but the expression levels of these promoters are relatively low. To improve the expression level of the AFP promoter, Sato et al 66 used the Cre/loxP system and demonstrated that this double infection method resulted in ϳ50-fold higher expression compared with a single Adv infection directly driven by the AFP promoter. However, even though this Cre/loxP system produces a higher expression level compared with that of the conventional system, some cytotoxic genes such as Fas ligand, which is controlled by the MBP promoter, do not induce cell death effectively in gliomas (data not shown), whereas those genes controlled by the CA promoter can. 1 The expression levels of the transgene through infection with the Adv controlled by MBP promoter would be much less than the levels induced by the constitutively active CA promoter. Therefore, to induce an effective antitumoral effect using the MBP promoter, we transduced highly cytotoxic genes such as the combination of the Bax and caspase-8 genes and successfully induced enhanced apoptotic cell death in gliomas. As for the specificity of the MBP promoter for gliomas, further studies are required to evaluate whether or not the gene controlled by the MBP promoter is transduced into normal tissues, including astrocytes and oligodendrocytes, in vitro and in vivo. In addition, it is important that another promoter be found which induces more specific expression of transduced genes at higher levels in gliomas.
In conclusion, coinduction of Bax and caspase-8 via Advs controlled by the MBP promoter induced enhanced apoptosis in glioma cells. This approach is a promising and practical therapeutic modality to kill the glioma cells specifically and effectively.
